In the semiconductor industry, it is well known that surface oxide layers are removed and remaining dangling bonds of the Si surface are terminated by hydrogen when Si wafers are dipped into HF-containing solutions. The clarification of atomic structures of hydrogen-terminated Si͑001͒ surfaces after wet cleaning is urgently required. Several groups have observed atomic structures by scanning tunneling microscopy ͑STM͒ on the Si͑001͒ surface under special etching conditions, such as electrochemical etching 1 and wet chemical treatments with vicinal Si samples 2 or NH 4 F solutions. 3 However, atomic structures on the Si͑001͒ surfaces after HF cleaning have not yet been determined. This is one of the most fundamental and important issues in the semiconductor industry. As revealed by Fourier-transform infrared attenuated total reflection ͑FTIR-ATR͒ measurements, the Si͑001͒ surface, after being dipped into dilute HF solution, is mainly covered with dihydride species where two H atoms are adsorbed on each outermost Si atom, 4 but STM observations do not reveal any specific structures which reflect the crystallographic nature of the Si͑001͒ surface. 2 Only Nakagawa et al. 5 have succeeded in observing atomic-scale dots such as a series of rows along the ͗100͘ direction, 1ϫ1 lattice, (1/&ϫ1/&)R45°sublattice and c(2ϫ1) superlattice in variable-current STM images. However, the atomic arrangements were not clarified in their study. The aim of this study is to investigate the atomic structure of hydrogen-terminated Si͑001͒ surfaces by STM after cleaning with dilute HF solution which is the most important stage during wet cleaning procedures in the semiconductor industry. It is revealed that 1ϫ1 bulklike structures exist over a large area, although the surface morphology is quite rough. In addition, STM observations in an atomic resolution clearly show that the surface structure changes drastically when the hydrogen-terminated Si͑001͒ surface, after HF dipping, is subsequently rinsed with ultrapure water.
In the present study, all samples are boron-doped p-type Si͑001͒ wafers, and their resistivities are 5-40 ⍀ cm. Cleaning procedures to obtain hydrogen-terminated Si͑001͒ surfaces are as follows. First, Si samples are dipped into a solution of H 2 SO 4 (97 wt %):H 2 O 2 (30 wt %)ϭ4:1 ͑by volume͒ for 10 min and then rinsed with ultrapure water for 10 min. Next, the Si samples are dipped into a solution of HF (50 wt %):H 2 Oϭ1:100 ͑by volume͒ for 1 min. These processes are repeated twice and hydrogen termination is confirmed from the contact angle of a droplet of ultrapure water on the surface. It should be noted that the Si sample after the final HF cleaning is not subjected to subsequent rinsing with ultrapure water. It is assumed that Si surfaces are not polluted by organic contamination during the wet cleaning process because the total organic carbon in ultrapure water in this experiment is measured to be only 0.42 ppb. A commercial ultrahigh vacuum ͑UHV͒ STM system ͑JEOL JSTM-4500XT͒ is used for imaging the surfaces and Pt-Ir tips were cleaned by electron bombardment prior to scanning. The sample is introduced into an UHV chamber within 30 min after wet cleaning. During STM measurements, the pressure is 3.0ϫ10
Ϫ8 Pa with neither thermal treatments nor baking. Figure 1 shows a STM image of the hydrogenterminated Si͑001͒ surfaces after being dipped into a dilute HF solution. The area shown is 60ϫ60 nm 2 . The sample bias and the tunneling current of the STM image are Ϫ2.0 V and 0.3 nA, respectively. The maximum height of irregularities (R PV ) and root-mean-square roughness (R rms ) in Fig. 1 are 1.62 and 0.24 nm, respectively. Although crystallographic directions are inserted in the figure, the surface is quite rough and the corrugation pattern appears to be random, as reported by other researchers. 2 However, an enlarged STM image (20ϫ20 nm 2 ) is shown in Fig. 2 . It is evident that the surface is covered with bright dots corresponding to atomic images. In addition, the surface in Fig. 2 is constructed by piling terraces and steps, although each terrace is small. R PV is 1.26 nm in Fig. 2 , which corresponds to approximately ten atomic layers.
Step edges run along the ͗110͘ direction. To investigate the atomic structure of the surface shown in Figs. 1 and 2 more precisely, a detailed STM image is shown in Fig.  3͑a͒ . The scanning area is 9.86ϫ9.86 nm 2 . Atomic images are clearly resolved and a unit cell is superimposed at the bottom of the figure, although disordered regions remain in . When atomic hydrogen is adsorbed on a clean Si(001)2ϫ1 terrace in an UHV chamber, three different (1ϫ1, 2ϫ1, and 3ϫ1) H-induced reconstructions are known to occur, depending on the coverage of hydrogen and the substrate temperature. 6, 7 Among these H-induced reconstructions, the 1ϫ1 structure indicates the existence of the dihydride phase and the unit cell of the 1ϫ1 dihydride phase is a square of 0.38ϫ0.38 nm 2 . Hence, the atomic structure inside a terrace shown in Fig. 3͑a͒ is an ideal 1ϫ1 dihydride phase. The step height in Fig. 3͑a͒ is measured to be about 0.13 nm, which is equivalent to a monoatomic step on the Si͑001͒ surface. Consequently, it is clarified that the hydrogen-terminated Si͑001͒ surface after HF cleaning is composed of small piled terraces and, inside a terrace, ideal 1ϫ1 dihydride structures are formed. The spatial resolution is so high that it is possible to predict the atomic structure of the surface in some parts, even around a step. Figure 3͑b͒ is a magnified image of the area indicated by an arrow in Fig.  3͑a͒ , and its atomic arrangement is schematically depicted in Fig. 3͑c͒ . This atomic arrangement is predicted from the geometrical distribution of bright dots in Fig. 3͑b͒ . To determine the atomic structure accurately, however, a charge density map should be simulated. Generally, when atomic-scale dots are observed with STM, the height corrugation between neighboring bright dots is very small. If a surface is rough and the terrace region is small, it is difficult to obtain ''atomic resolution images'' with STM in a large scanned area because atomic-scale dots are buried in the macroscopic morphology. In other words, the surface is atomically flat and covered with large terraces in most cases when atomic images are resolved with STM. Some examples are clean Si(001)2ϫ1 surfaces after thermal treatment in an UHV chamber 8 and hydrogen-terminated Si͑111͒ surfaces after wet chemical treatments. 9 When Si͑001͒ samples are cleaned with a dilute HF solution, however, rough surfaces are formed. In such a case, researchers are liable to overlook the existence of the 1ϫ1 dihydride phase when the scanned area is large. Cleaning with a dilute HF solution is sufficient in order to determine the surface morphology in Figs. 1, 2 treatments before final HF dipping are replaced with other cleaning procedures. Previously, we reported that atomicscale images were not obtained on the surface after cleaning with a dilute HF solution. 10 It is possible to consider that the probe tip was incapable of resolving the atomic structure shown in Fig. 3͑a͒ . However, it remains to be determined whether the atomic structure in Fig. 3͑a͒ is spread out over the entire wafer surface or not, because the area in which STM can evaluate is in the submicron region.
Finally, it should be noted that the surface morphology changes drastically when the Si sample after HF cleaning is subsequently rinsed with ultrapure water. Figure 4͑a͒ shows a STM image of the Si surface after HF dipping and subsequently rinsing with ultrapure water for 60 min. Although, the scanned area is the same as that in Fig. 3͑a͒ (9 .86 ϫ9.86 nm 2 ), the 1ϫ1 structure seen in Fig. 3͑a͒ almost disappears in Fig. 4͑a͒ . Instead, a 2ϫ1 unit cell, indicated by a rectangle in Fig. 4͑a͒ , is observed as the main species on the surface. When Si-H bonds are formed, H atoms attract electrons because the electronegativity of a H atom is larger than that of a Si atom. In the 1ϫ1 dihydride structure in Fig. 3 , two H atoms belonging to the neighboring Si atoms are in close proximity. Thus, a strong repulsive force occurs between them, causing the surface to become unstable. 11 OH ions are generally known to etch Si surfaces, and ultrapure water contains 10 Ϫ7 mol/l OH ions. It has been suggested that every other row of the ideal 1ϫ1 dihydride surface in Fig. 3͑a͒ is etched preferentially by OH ions in ultrapure water. 10, 12 A schematic depiction of the atomic structure in Fig. 4͑a͒ is shown in Fig. 4͑b͒ .
In summary, atomic images are obtained by STM on a hydrogen-terminated Si͑001͒ surface after HF cleaning. The surface is macroscopically rough but is composed of terraces and steps. Inside a terrace, an ideal 1ϫ1 dihydride structure is formed. When the surface, after HF dipping, is subsequently rinsed with ultrapure water, atomic structures change drastically, and the 2ϫ1 structure appears. These experiments indicate the possibility of evaluating the atomic structure of Si͑001͒ surfaces for ultralarge-scale integrated devices with STM. . The sample bias and the tunneling current of the STM image are Ϫ2.0 V and 0.5 nA, respectively. The 1ϫ1 structure no longer remains and, instead, a 2ϫ1 structure appears as the main species on this surface. ͑b͒ A schematic depiction of the 2ϫ1 structure. Circles have the same meaning as those in Fig. 3͑c͒ . Every other row of the 1ϫ1 dihydride structure is preferentially etched during rinsing with ultrapure water.
